Aluminum hydroxide (alum) is the most widely used adjuvant in human vaccines, but the immune mechanisms that are activated by alum remain poorly understood. Alum has recently been shown to promote caspase-1 activation and IL-1b secretion, but the cellular pathways involved remain elusive. Here we report that the release of IL-1b triggered by alum is abrogated in macrophages deficient in the NLR family, pyrin domain containing 3 (Nlrp3) protein and the apoptosis-associated speck-like protein containing a caspase recruitment domain (Asc) but not the NLR family, CARD domain containing 4 (Nlrc4) protein. The requirement of the Nlrp3 inflammasome was specific for IL-1b in that secretion of TNF-a was independent of Nlrp3 or Asc. Consistently, processing of pro-caspase-1 induced by alum was abolished in macrophages lacking Nlrp3 or Asc. Unlike caspase-1 processing and IL-1b secretion triggered by LPS, alum-mediated activation of the inflammasome did not require exogenous ATP. Importantly, induction of IgG production against human serum albumin by alum was unimpaired in mice deficient in Nlrp3. These results indicate that alum induces IL-1b via the Nlrp3 inflammasome but this activity is dispensable for alum-mediated adjuvant activity. 
Introduction
Aluminum hydroxide, typically referred as "alum", and other aluminum salts are the most widely used adjuvants in human and animal vaccines [1] . Despite the routine use of alum, the immune responses that it induces and the mechanisms that mediate its ability to boost antigen-specific antibody production have remained poorly understood. Several investigators have proposed that alum activates immune responses by acting as a "depot" that promotes the slow release of antigen as a particulate form and its uptake by antigen-presenting cells [2] . In addition, alum is known to induce inflammatory responses which may serve to recruit and activate antigen-presenting cells [3, 4] . Finally, recent studies have suggested that alum promotes the recruitment of monocytes to draining lymph nodes through the production of uric acid [5] . However, the cellular signaling pathways by which alum induces immune responses have remained elusive.
The activation of adaptive immunity including humoral responses to antigens is controlled by innate immunity signaling pathways. Agonists to several Toll-like receptors (TLR) are known to act as adjuvants for antigen-specific antibody responses [6] . TLR recognize multiple microbial moieties and activate innate immune responses via NF-jB, MAPK and type-1 interferons [7, 8] . There is evidence that TLR signaling pathways are important for adjuvant activity induced by TLR agonists including LPS [9] . However, the role of TLR signaling in mediating boosting antibody responses has recently been challenged [10] . An alternative cellular system involved in the recognition of microbial molecules is that mediated via NOD-like receptors (NLR) [11, 12] . Unlike TLR, the NLR protein family senses microbial molecules in the cytosol [13] [14] [15] . NLR family, pyrin domain containing 3 (Nlrp3, also called Nalp3 or cryopyrin) is an NLR protein that is critical for caspase-1 activation and secretion of IL-1b and IL-18 in response to multiple microbial molecules and endogenous urate crystals [16] [17] [18] . We have therefore investigated a role for Nlrp3 in the activation of caspase-1 and adjuvant activity induced by alum.
Results and discussion
Alum induces IL-1b secretion through the Nlrp3 inflammasome Recent studies have shown that alum promotes IL-1b secretion in dendritic cells, but the mechanism involved is unknown [3, 4] . To determine the mechanism, we assessed the role of the Nlrp3 inflammasome in cytokine responses induced by alum in wild-type and Nlrp3-deficient macrophages. In the absence of exogenous ATP, stimulation of wild-type macrophages with LPS did not induce the secretion of IL-1b, which is consistent with previous results [17, 19] . Notably, alum elicited release of IL-1b in the absence of ATP stimulation in macrophages primed with LPS ( Fig. 1A) . Secretion of IL-1b by alum was inhibited more than 90% in macrophages lacking Nlrp3 or the apoptosis-associated specklike protein containing a caspase recruitment domain (Asc), an adaptor required for caspase-1 activation via Nlrp3 (Fig. 1A) . The role of the Nlrp3 inflammasome in the alum-mediated IL-1b secretion was specific in that the production of TNF-a was unimpaired (Fig. 1B) . These results indicate that the Nlrp3 inflammasome mediates IL-1b secretion in response to alum independently of ATP stimulation.
The Nlrp3 inflammasome is required for caspase-1 activation induced by alum
We next tested the role of the Nlrp3 inflammasome in caspase-1 activation, a step that is required for IL-1b release [20, 21] . To assess caspase-1 activation, extracts were prepared from macrophages stimulated with alum and immunoblotted with an antibody that recognizes the p20 subunit of caspase-1. Stimulation of macrophages with LPS or alum alone did not induce the processing of pro-caspase-1 into the mature p20 subunit (Fig. 2) . However, co-stimulation of macrophages with LPS and alum, which elicited IL-1b release, triggered caspase-1 activation as did co-stimulation with LPS and ATP, a potent stimulus of procaspase-1 processing (Fig. 2) . Importantly, activation of caspase-1 induced by alum was abrogated in LPS-primed macrophages lacking Nlrp3 or Asc, but not the NLR family, CARD domain containing 4 (Nlrc4) protein (Fig. 2) . These results indicate that alum promotes caspase-1 activation via the Nlrp3 inflammasome.
Nlrp3 is dispensable for adjuvant activity in vivo
To determine the role of Nlrp3 in adjuvant activity, we tested the ability of alum to serve as an adjuvant for the production of IgG against human serum albumin (HSA), a T cell-dependent antigen. WT and Nlrp3 -/-mice were immunized with HSA i.p. in the presence of alum, and boosted with HSA after 2 wk. High titers of HSA-specific IgG1, IgG2a, IgG2b and IgG3 were detected in the serum of wild-type mice but not in unimmunized mice (Fig. 3) . Significantly, comparable enhancement of the anti-HSA IgG responses was observed in Nlrp3 -/-animals (Fig. 3) . These results indicate that Nlrp3 is dispensable for alum-mediated IgG adjuvant activity.
Our results indicate that alum triggers activation of the Nlrp3 inflammasome, leading to release of IL-1b, which is consistent with reports showing that alum induces IL-1b secretion from dendritic cells [3, 4] . Alum alone was insufficient to trigger caspase-1 activation in that it requires priming or co-stimulation with LPS. Unlike TLR or Nod2 agonists, alum induced caspase-1 activation via Nlrp3 in the absence of ATP stimulation. Thus, the results suggest that alum acts in a similar manner as ATP to promote caspase-1 activation via the Nlrp3 inflammasome. In the case of muramyl dipeptide, ATP mediates its release from acidified vesicles to the cytosol via the P2X7 receptor and the pannexin-1 pore to trigger Nlrp3-dependent caspase-1 activation [14] . Similarly, we suggest that alum is internalized in acidified vesicles and mediates the release of microbial molecules or endogenous Figure 1 . Alum-induced IL-1b production is Nlpr3-dependent. Bonemarrow derived macrophages form WT, Nlrp3-KO, Nlrc4-KO and Asc-KO mice were stimulated with LPS (1 lg/mL), alum (250 lg/mL) or LPS + alum for 6 h. Cell-free supernatants were analyzed for production of IL-1b (A) and TNF-a (B) by ELISA. Results are representative of three separate experiments. molecules leading to inflammasome activation. Because uricase treatment has been shown to abolish the ability of alum to enhance monocyte-driven stimulatory responses [5] , it is possible that alum promotes inflammasome activation by delivering uric acid to the cytosol. Alternatively, alum may disrupt acidified vesicles which may trigger induction of reactive oxygen species or other cellular signals to activate the Nlrp3 inflammasome [22] . Consistent with our results, Eisenbart et al. [23] recently reported that alum promotes caspase-1 activation and IL-1b secretion through the Nlrp3 inflammasome. In contrast to our results, however, these authors found a critical role for the Nlrp3 inflammasome in the induction of IgG1 adjuvant activity by alum [23] . We do not have a clear explanation for the difference in results, although it may be due to the use of different immunization protocols. We immunized mice with antigen in alum i.p., boosted the animals with antigen i.p. and serum was collected at day 35. In contrast, Eisenbart et al. immunized with antigen in alum twice i.p., challenged the animals with antigen intranasally three times (on days 21, 22 and 23) and serum was collected at day 25. Further studies are needed to clarify the role of the Nlrp3 inflammasome in cellular responses induced by alum and the mechanisms by which it promotes boosting of humoral immunity.
Concluding remarks
The Nlrp3 inflammasome was found to mediate caspase-1 activation and IL-1b release induced by alum in LPS-primed macrophages. However, Nlrp3 was not required for alummediated IgG adjuvant activity against HSA, a T cell-dependent antigen.
Material and methods

Mice and cells
Mice deficient in Nlrp3, Nlrc4 and Asc have been described previously [24] [25] [26] . Mice were housed in a pathogen-free facility. Bone marrow-derived macrophages were isolated as previously described [27] . The animal studies were conducted under approved protocols by the University of Michigan Committee on Use and Care of Animals.
Immunoblotting
Cells were lysed together with the cell supernatant by the addition of 1% NP-40, complete protease inhibitor cocktail (Roche, Mannheim, Germany) and 2 mM dithiothreitol. Clarified lysates Figure 2 . Alum-induced caspase-1 activation is Nlpr3-and Asc-dependent. Bone-marrow derived macrophages from WT, Nlrp3-KO, Nlrc4-KO and Asc-KO mice were stimulated for 6 h with alum (250 lg/mL), LPS (1 lg/mL) or LPS + alum (A); or stimulated for 6 h with LPS (1 lg/mL) AE ATP (5 mM) for the last 30 min (B). Extracts were prepared from cell and culture supernatants and immunoblotted with caspase-1 antibody. Arrows denote procaspase-1 (p45) and its processed p20 subunit. Results are representative of three separate experiments.
were resolved by SDS-PAGE and transferred to polyvinylidene difluoride membranes by electro-blotting. The rabbit anti-mouse caspase-1 antibody was a kind gift from Dr. Vandanabeele (Ghent University, Ghent, Belgium). LPS from Escherichia coli (O111B) and alum were from Sigma.
Immunization of mice and serum Ig analysis
Groups of mice were immunized with a mixture of alum (100 lL) and HSA (clinical grade, 100 lg in PBS) by i.p. injection. Mice were boosted with HSA (100 lg) after 21 days. Serum samples were obtained 2 wk after the boost. Diluted sera from immunized animals were incubated on HSA-coated ELISA plates at 100 lg/ mL, and bound antibody detected using biotinylated isotypespecific antibodies (Southern Biotechnology) followed by p-nitrophenyl phosphate substrate. Antibody titers were calculated by plotting the dilution sera that gave half-maximal signal. When no signal was detected, a dilution of 10 (IgM), 100 (IgG1), 10 (IgG2a), 10 (IgG2b), 10 (IgG3) and 10 (IgGA) was assigned.
Measurements of cytokines
Mouse cytokines were measured in culture supernatants with ELISA kits (R&D Systems, Minneapolis, MN). Assays were performed in triplicate for each independent experiment.
Statistical analysis
For all experiments, the difference between groups was calculated using the Mann-Whitney U-test for unpaired data. Difference were considered significant when p<0.05. Twelve-week-old mice were immunized with a mixture of HSA (100 lg in PBS) and alum by i.p. injection on day 0 and boosted with antigen on day 21. Blood samples were obtained on day 35 and antibody titers measured in serum. Each point represents the serum antibody titer to HSA for one individual mouse. Results are representative of three independent experiments; NS, not significant.
